The mass of beryllium in a beryllium-containing aerosol is dictated by the particle size distribution. Additionally, the deposition of particles in various regions of the respiratory tract, and therefore bioavailability, is determined by the particle size distribution.
Slower clearance rates of aerosols deposited in the distal airways may result in greater beryllium retention, potentially resulting in increased sensitization and disease rate. In addition, it was shown that respirable beryllium oxide particles dissolved by macrophages over a period of time may be released in the pulmonary alveolar environment, providing the necessary input to the immune system. 3 Moreover, particle chemical composition, size, number, and surface area may influence bioavailability of beryllium and may be used in future epidemiology models to more adequately explain the risks associated with BeS and CBD. [4] [5] [6] Accumulated data suggest that exposure to particulate matter (PM) may lead to pulmonary inflammation 7 and that beryllium stimulates the formation of reactive oxygen species (ROS). 8 Dobis et al 9 have shown that beryllium induced oxidative stress through its ability to deplete endogenous thiol antioxidants and increase ROS levels. Heme oxygenase-1 (HO1) plays a key role in the detoxifying pathways.
10 HO1 products, together with enzyme activity, leads to the reduction of oxidation and inflammation. 11 We previously showed that the duration of exposure to welding fumes affects particle burden, the number of inflammatory cells, and the level of oxidative stress. 12 In the present study, we focus on the biological monitoring exposure metrics resulting from particle size distribution analysis and from particle shape delineation, together with the oxidative stress mechanism as defined by HO1-related gene expression.
METHODS

Study population
The selected workers were all actively practicing dental technicians. Recruitment of the study population was done from the Israeli Trade and Labor Ministry Registry for Dental Technicians Laboratories. We telephone-contacted 38 of the 53 laboratories (71.7%), but only 25 of them employing a total of 115 dental technicians agreed to participate in the study. The final response rate was 83/115 (72.1%) individuals.
Ethical approval was granted by the Tel Aviv Sourasky Medical Center Institutional Ethics Committee. All the subjects gave written informed consent and made one visit for clinical assessment by means of pulmonary function testing (PFT), induction of sputum, and beryllium lymphocyte proliferation testing (BeLPT). All the participants completed a demographic and clinical questionnaire ncluding smoking habits, self-reported diseases, and respiratory symptoms. CBD diagnosis was made by a positive biopsy (noncaseating granuloma) and positive blood test, whereas BeS was diagnosed by a positive blood test but no evidence of berylliumrelated lung disease.
Exposure assessment
Exposure assessment was done by a self-reported questionnaire followed by an interview with an occupational physician in order to verify the reported information according to well-established guidelines. 13, 14 All of the dental technicians worked 8 to 10 hours/day and could be exposed to metals and nonmetal materials (ie, acrylics, monomers, silicates). Some of them were exposed to fumes (ie, burn out furnaces, casting procedures, cleaning chemicals, etc) or dust by-products (ie, polishing grinding sandblasting, mixing, etc) during the processing of the different prosthetic devices, and some were exposed to both due to the limited manpower in small laboratories. The reliability of the self-reported data on fumes and dust was .743 (Cronbach's alpha test). The dental technicians were exposed before 2001 because the use of beryllium for dental tools was banned in Israel in 2001 by the Israeli Ministry of Health and Ministry of Industry, Trade and Labor.
PFTs, induction of sputum, and processing
PFTs were performed by a Masterlab spirometer (Masterlab E. Jaeger, Würzburg, Germany). The measurement was performed using standard protocols according to American Thoracic Society guidelines. 15 Sputum induction was performed during the morning of the last day of the 5-day work week with an aerosol of hypertonic saline generated by an ultrasonic nebulizer (Omron U1; Omron Health Care, Kyoto, Japan). Briefly, subjects inhaled nebulized 3% saline by an ultrasonic nebulizer for up to 20 minutes and were encouraged to cough and expectorate sputum into a sterile plastic container after spitting out the saliva into a different container. We accepted the first sample that became available within 20 minutes of induction. Some patients could "produce" within 10 minutes of inhaling hypertonic saline and others needed more time (never more than 20 minutes according to study protocol). The sputum was processed by the method of Popov et al. 16 Flow-cytometric analysis was performed on a dual FACS 440 equipped with an Ar-Kr laser (Becton-Dickinson; Mountain View, CA, USA). Lymphocytic subsets were identified by monoclonal antibodies as follows: CD3 = total T cells, CD4 = T-helper cells, and CD8 = T-suppressor cytotoxic cells.
BeLPT
BeLPT was performed in all participating dental technicians according the method of Mroz et al. 17 The normal ranges of the stimulation index (SI) are laboratory dependent and are based on the mean peak SI plus 3 standard deviations (SDs) for unexposed subjects. SIs higher than these values were considered to be elevated. An abnormal BeLPT was required to have 2 or more elevated SIs occurring at any of the BeSO4 concentrations tested. An SI > 2.5 was considered abnormal.
RNA extraction and real-time polymerase chain reaction (RT-PCR)
RNA extraction was done on the sputum cell by TRI reagent-chloroform solutions (Peq gold Trifast, Erlangen, Germany). RT-PCR was carried out with 0.5 μg of total RNA that was extracted from the sputum cells as described elsewhere. 18 Quantitative RT-PCR (qRT-PCR) was carried out using Applied Biosystems AB7500 SYBER Green PCR Mix (Applied Biosystems Inc., Carlsbad, CA, USA). Primers for HO1 and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) were design by Primer Express software (v 3.0.1) (Applied Biosystems Inc., Carlsbad, CA, USA).
Particle analyses (size and shape)
Particle size analyses were performed according to a laser technique based on the time of transition theory using an DIPA 2000 analyzer (Donner Technologies, xx, Israel). 19 DIPA 2000 is a computerized inspection system for PS analysis (PSA) in the range of 0.5 to 3600 μ employing laser and video measurement. The laser system is based on principles of the laser obscuration/time of transition (TOT) theory. The TOT is directly related to the particle diameter: D = v × t, where D = particle diameter, v = trajectory velocity of the laser beam, t = time. The video system is based on principles of image analysis, and the moving particles are pictured with a sensitive charge-couple device (CCD). Since each aspect ratio (AR) of the pixel array in the CCD camera is known, the software constrains the analysis to define a particle by consist of a minimum number of pixels. We used 5 parameters to characterize the particle shape. The AR represents the ratio of the minimum and maximum ferret diameters to determine round versus long particles. Convexity (Co) determines surface roughness, ranging between 0 (multiple potholes) to 1 (smooth). Circularity (Ci) is a measure of the closeness to a perfect circle and it is sensitive to both changes in overall form and surface roughness, ranging between 0 (nonspherical) and 1 (spherical). Average concavity (AC) is used to characterize the cavity on particles surface. The gray level (GL) characterizes the opaqueness of particles, ranging between 0 (opaque) to 255 (translucid). The measurements were done by adding of 3 drops of induced sputum (IS) suspension into a cuvette containing 3 mL of stirred distilled water. Particle measurement was performed long enough to reach 95% confidence interval [CI] . The results of the particle size distribution were an average of 3 sequential measurements.
Statistical methods
Parameters with normal distribution (shape, carbon monoxide diffusion capacity [DLCO]) were analyzed by parametric tests, whereas those with nonparametric distribution (PFTs and IS cells) were transformed to logarithmic values and then analyzed by a general linear model. Some of the parameters were directly assessed by a nonparametric test (HO1). Associations between the presence of positive BeLPT or exposure (yes/no) and various covariates (type of exposure and protection) were tested by the Fisher exact test for categorical variables. The percentage of particles was examined as a possible predictor for a positive BeLPT test. First, the size of particles was eliminated to particles <5 μ, since only these particles are respirable. Second, a cutoff point for the percentage of particles under 5 μ was determined using a receiver operating characteristic (ROC) curve. Sensitivity and specificity for predicting a positive BeLPT test were calculated and the cutoff point of 92% was chosen, since it yielded the highest sensitivity and specificity (64% and 63%, respectively).
The association between this cutoff and a positive BeLPT was evaluated by logistic regression. Models were evaluated by using the change in −2 log likelihood and the p values of individual covariates to determine their significance to the model. All statistical analyses were performed using the SPSS software version 15.0 for Windows (SPSS, Chicago, IL, USA). All p values are 2-sided, and a p value <.05 was considered significant.
RESULTS
Eighty-three dental technicians were included in the study. There were 69 males (83%) and 14 females (17%). There were no significant gender-based differences in average age, smoking habits or exposure, and extent of exposure ( Table 1 ). The 83-member study group included 68 with negative BeLPT findings and 15 with positive BeLPT findings (9 were newly identified as having BeS individuals and were 6 known as having CBD). Self-reported questionnaire data were fulfilled by all 83 dental technicians, but 69/83 provided information on hygienic conditions (mask and hoods) and 76/83 for type of exposure (fumes vs fumes and dust). Differential cell counts were done in 80/83 samples, T-cell subsets were tested in 69/83, and particle shape and size analyses were carried out in 81/83 IS samples. The prevalence of CBD and BeS was calculated from the first reported exposure decade (1970) (1971) (1972) (1973) (1974) (1975) (1976) (1977) (1978) (1979) to the last one (2000-2009): although it showed a decrease in CBD, there were new sensitization cases ( Figure 1 ). The exposed group was significantly older than the nonexposed group (43 ± 11 vs 36 ± 9 years, p = .015), and had significantly higher cumulative exposure years (20.4 ± 10 vs 14.2 ± 10, p = .024), but no differences were found regarding other types of exposures. Exposure to beryllium was strongly associated with positive BeLPT findings (odds ratio [OR] = 3.2, 95% CI: 0.97-10.6, p = .06) ( Table 2 ).
All study participants' PFTs were within normal values for both exposed and unexposed individuals (Figure 2 ). However, a significant decline was observed in all of the PFT parameters of those diagnosed as having CBD compared with the technicians with BeS and those with a negative BeLPT (percent forced expiratory volume in 1 second [FEV 1 %]: 54 ± 24 vs 90 ± 12 and 97.3 ± 16.4, p < .001; percent forced vital capacity [FVC%]: 56.7 ± 23.1 vs 88.5 ± 11.6 and 98.7 ± 15.9, p < .001; 56 ± 16 vs 93.5 ± 13.8 and 89.8 ± 16.7, p < .001, with the exception of the FEV 1 /FVC values) (Figure 2 ). Cellular parameters in the IS samples were tested by differential cell counts and CD4/CD8 analysis. The CBD group had a significantly higher CD4/CD8 ratio and higher percentages of lymphocytes compared with both the BeS group and the negative BeLPT workers (9.4 ± 6.86 vs 2.2 ± 1.4 and 3.7 ± 2.6, p < .001; 21.4 ± 16 vs 12.4 ± 7.8 and 11.2 ± 6.2, p < .001; respectively) ( Figure 3) .
We analyzed the size and shape of particles present in the IS of 81/83 of the participating dental technicians, first according to beryllium exposure, then according to their BeLPT test results, and finally according to the type of protection used at the workplace (Table 3 and Figure 4 ). We found that the transparency of the particles measured by image analysis (the GL) was significantly lower in the exposed group compared with the nonexposed group (69.2 ± 16 vs 83 ± 21, p = .006), but that the BeLPT results had no significantly influence on the analysis of the particle size and shape (Table 3) . Further analysis of GL in terms of the type of hygienic protection revealed that the GL index of particle mixtures in the airways of unprotected technicians (83.4 ± 18) was significantly higher than the GL index of workers who used any kind of hygienic protection at the workplace (68.5 ± 21, p = .001) (Figures 4 and 5A) . In terms of the type of exposure, the GL index of transparency was significantly higher in workers exposed to dust (85 ± 18) compared with those exposed to fumes (68 ± 16, p = .018) (Figures 4 and 5B).
We sought a cutoff for percent of particles in an IS sample that would confer a risk of having a positive BeLPT. All measurements of particles <5 μ were divided into binary parameters by using the interquartile range (IQR): 43 patients were classified as being under the IQR and 38 above it. Logistic regression showed that dental technicians who were classified in the upper quartile range of 92% of particles <5 μ were at greater risk to develop a positive BeLPT (OR = 3.16, 95% CI: 0.96-10.51, p = .05) ( Table 4) . Moreover, this accumulation of particles <5 μ induced a higher percent of lymphocytes in IS samples (12.75 ± 9.35 vs 10.8 ± 6.11, p = .06), with no change in the CD4/CD8 ratio ( Table 5) .
The oxidative study analysis focused on HO1 gene expression. A high expression of the HO1 gene was associated with a normal (ie, <2.5) CD4/CD8 ratio (0.065 ± 0.08 abnormal ratio vs 0.05 ± 0.09 normal ratio, p = .04). This HO1 gene expression was more likely to be higher in the combined fume-and dust-exposed group compared with the group exposed solely to dust (0.08 ± 0.1 vs 0.04 ± 0.07, respectively, p = .015). The group that did not use any protection had BeLPT = beryllium lymphocyte proliferation tests; CBD = chronic beryllium disease; BeS = beryllium sensitization. AR = aspect ratio; Co = convexity; Ci = circularity; AC = average concavity; GL = gray level. significant lower expression of HO1 compared with those who did use hood/hood and mask protection (0.035 ± 0.1 vs 0.07 ± 0.008, respectively, p = .006) ( Figure 6 ).
COMMENT
We showed here for the first time that hygienic conditions in the workplace may affect particles in the airways and that these changes are directly correlated to the oxidative stress mechanism. According to the US Occupational Safety and Health Administration, workplace exposure limits for beryllium are 8-hour time-weighted average of 2 μg/m 3 . This standard was taken as being protective against acute beryllium pneumonitis and CBD. The standard method for sampling beryllium content in the ambient air is by cellulose acetate filters at an airflow rate of 1 L/min, and this is analyzed using atomic absorption spectrophotometry. Several studies have indicated that the current 2 μg/m 3 exposure limit for beryllium in the workplace is grossly inadequate to prevent disease occurrence. 20, 21 Furthermore, CBD and BeS have been identified in workers whose average beryllium exposure levels were 20-100 times lower than the current permissible limit. 20 It is clear that the current method does not take into account the internal exposure, which is affected by the hygienic condition and by the cumulative exposure. Moreover, aerosol concentration does not reflect the internal particulate matter burden. Little is known about the physicochemical properties of beryllium aerosols associated with increased risk of CBD and BeS. It is assumed that chemical composition, size, number, and surface area may influence the bioavailability of beryllium and contribute to the risk of Particles 0-5 μ were evaluated by Eyetech laser scanner and divided to dichotomy parameter as describe in Methods. The use of protection means was evaluated by self-report and confirmed by an occupational physician. The "no protection" group was used as reference group. p value and confidence intervals was calculated by logistic regression model.
CBD by the slow release of beryllium ions (Be 2+ ) produced by particles that dissolve in the lung over time. 5, 6 The present study focused on the internal exposure assessment of particles in IS samples of dental technicians who had been exposed to hazardous dust and fumes by characterizing the shape and size of the particles. The first case of CBD in a dental technician in Israel was reported by us in 2001. 22 A subsequent study on a cohort of dental technicians involved in casting, cutting, grinding, polishing, and finishing of dental alloys containing beryllium revealed that one half of them were suffering from CBD. 23 In both of those studies, the analysis of the chemical composition of the particles was done by scanning electron microscope analysis, which found a wide range of metals (Cr, Au, Fe, Zr, Pb, Ni, etc) but not beryllium. We do not have the technology to directly determine the presence of beryllium in the lungs. However, in 1996, Newman et al reported that beryllium can be inferred to be present if the BeLPT results are positive. 24 Although the use of beryllium for dental tools has been banned in Israel by the Israeli Ministry of Health and Ministry of Industry, Trade and Labor-noting that most of CBD patients were dental technicians-new cases continue to be diagnosed due to past exposures or to disregarding the prohibition. Lack of awareness of the potentially dangerous effect of beryllium exposure or inadequate supervision in workplaces may result in morbidity, with PFT deterioration and respiratory symptom complaints. Indeed, although three quarters of our cohort (61/83, 73%) were aware of past exposure to beryllium, the others were not clear about the issue or about the ramifications of past exposure, and 6 of them already had CBD at the time of study enrollment. One pitfall of self-reported questionnaires is the accuracy of recall. In this Note. Particles <5 μ was evaluated by Eyetech laser scanner and divided into dichotomy parameters as describe in Statistical Methods. CD4 = helper T cells; CD8 = T cells.
context, the validity of our retrieved data was confirmed first by the correlation of BeLPT results to self-reported beryllium exposure and second by the correlation to age (ie, young dental technicians were more aware of the health effects of beryllium exposure). Moreover, it was demonstrated that data recovered by occupational physicians was less likely to be distorted or inaccurate. 13, 25 Our results that showed deterioration of functional parameters (eg, FEV 1 , FVC) in BeS and CBD were compatible with those of several other studies that reported a correlation between functional and clinical status. 26, 27 However, we found no significant differences in PFT findings between exposed and nonexposed workers, indicating that genetic factors may have a crucial role in the development of BeS and CBD. 28 Cellular lymphocytic parameters in IS samples also correlated with disease activity. Elevated percentage of lymphocytes and CD4/CD8 ratio in sputum samples were studied intensively in interstitial lung diseases (including occupational lung diseases): the results demonstrated that this ratio can effectively identify CD4+ inflammation and that it correlates with the severity of the disease. 18 Another study 23 that focused on 17 different workplaces with possible exposure to beryllium demonstrated that the CD4/CD8 ratios in IS are highly suggestive for supporting the diagnosis of CBD.
The GL, which is a shape parameter indicating the grade of transparency of the particles, was demonstrated here as being significantly associated with type of exposure, type of particles (ie, fumes and dust), and type of protection at work (ie, masks and hood). There are few data on the physiochemical properties of beryllium aerosols associated with increased risk of beryllium sensitization and CBD. Such information is needed to evaluate whether airborne mass of beryllium is the appropriate metric of exposure or, alternatively, to provide a scientific basis for using information on particle size, surface area, and chemistry to support an improved exposure limit based on bioavailability through the inhalation and dermal routes of exposure. 5 It is known that spectral characteristics of the transparency and polarization of scattered and emitted light of particles may be a marker of physical properties (ie, size distribution, composition, and structure). 29 We believe that shape parameters (ie, GL) depend upon the composition of chemical elements, which was shown here to be modulated by the type of exposure to particles and the protective modules that were used. The precise influence of taking precautionary measures on particulate deposition in the lung remains undetermined. The use of protective equipment could result in modifying the particle size of the deposited fraction in the lung. Moreover, the small particles that pass through the protective equipment may be altered in terms of the level of transparency as well. 30 It must be noted that although the differences of GLs in the negative BeLPT, the BeS and the CBD groups are not statistically significant, probably due to the small numbers in each group, there is nevertheless a clear decreasing trend in the index of transparency towards the CBD. It is known that particle deposition in various regions of the lungs has been shown to vary with airway diseases. The global prevalence of obstructive airways diseases (asthma, chronic obstructive pulmonary disease, and emphysema) is significant, and each of these diseases results in particle deposition that is substantially different from the norm. However, there are only limited data on the various deposition efficiencies associated with beryllium exposurerelated workers. The gray level, novel shape parameter presented herein, may contribute new perspectives on these issues.
We used the analysis of particulate size distribution in IS to predict the risk for developing sensitization to beryllium. It emerged that a cutoff at 92% of particles under 5 μ in size is associated with the risk for a positive BeLPT result. It is known that large particles (>5 μ) are removed from the lungs by physical mechanisms (eg, cilia epithelium) and coughing, whereas small particles invade the alveoli and can remain there for as long as 1 year after exposure. 31 Indeed, our group found that particles inhaled during the collapse of the World Trade Center can be measured in the subjects' IS 10 months after the event and that they were smaller than particles in the air. 32 Moreover, this accumulation seems to induce lymphocytic inflammation, as was previously shown in a longitudinal study for exposed workers. 33 Our analysis of the correlation between the molecular pathways of HO1 and exposure assessment revealed that the fume-and dust-exposed group had a higher HO1 gene expression than the group exposed to dust alone. This is compatible with previous evidence that inorganic dust and metal fumes induce inflammation and oxidative stress in the airways 34 and that fume exposure promoted oxidative stress as a defense response expressed by HO1 gene expression. 8 Moreover, HO1-positive alveolar macrophages during immunostaining in the lungs of rats exposed to crocidolite asbestos 35 and increased expression of pulmonary HO1 in silicosis mediated the suppression of reactive oxygen species activity and led to subsequent pathological changes, thereby attenuating disease progression. The higher levels of HO1 in dust-and fume-exposed dental technicians represent an additive effect compared with exposure to dust alone and show a key role of this enzyme in the control of oxidative stress as a vital immune protective effect. 36 On the other hand, the workers who did not use any protection had the lowest HO1 gene expression. This raises the possibility that the information regarding respirators as retrieved from the questionnaire is not sensitive enough to clearly distinguish those who are provided protection from those who are not, and/or whether the respirators were actually used by those performing jobs with the highest potential for exposure. It is also not entirely clear whether any inappropriate or inconsistent use of respirators may result in higher exposure than when respirators are not used. In addition, the findings with regard to protection may be correlated to the type of particles deposited in the airways of those workers, given that induction of different immune pathways were shown to be associated with the different kinds of mineral particles that were induced. 37 Our results showed that HO1 gene expression correlated negatively with the CD4/CD8 ratio in our subjects' IS. It is known that CD4+ T cells play a critical role in the immunopathogenesis of CBD, 38 and that HO1 plays an important role in modulating immune reactions induced by various T-cell subpopulations. 36 We assume that an elevated HO1 gene expression reduces the risk of developing pathology characterized by CD4 inflammation, whereas failure of this protective role of HO1 is characterized by an elevated CD4/CD8 ratio. The main limitation of the current study is the use of a novel parameter (the GL) in the exposure metrics of exposed workers in general and dental technicians in particular. This is a pioneer study in the field of biological monitoring; therefore, it cannot be compared with findings on various types of exposure in different populations. However, we believe that the addition of the shape parameter to the already well-established size index may be used to assess early airway damage at an individual level.
In conclusion, this is the first study to demonstrate that dental technicians exposed to particles in the workplace have a typical pattern of particle morphology in their lungs. This morphology, as demonstrated by the new metric, the gray level, is affected by the hygienic condition of the workplaces and by-products of the working process (fumes and dust), and that it is associated with oxidative stress in the molecular pathway. **********
